Abstract: Serum levels of liver enzymes, such as alanine transaminase, aspartate transaminase, and α-fetoprotein, provide insight into liver function and are used during treatment of liver disease, but such information is limited. In the case of hepatocellular carcinoma (HCC), which is often not detected until an advanced stage, more sensitive biomarkers may help to achieve earlier detection. Serum also contains microRNAs, a class of small non-coding RNAs that play an important role in regulating gene expression. miR-122 is specific to the liver and correlates strongly with liver enzyme levels and necroinflammatory activity, and other microRNAs are correlated with the degree of fibrosis. miR-122 has also been found to be required for hepatitis C virus (HCV) infection, whereas other microRNAs have been shown to play antiviral roles. miR-125a-5p and miR-1231 have been shown to directly target hepatitis B virus (HBV) transcripts, and others are up-or down-regulated in infected individuals. MicroRNA profiles also differ in the case of HBV and HCV infection as well as between HBeAg-positive and negative patients, and in patients with occult versus active HBV infection. In such patients, monitoring of changes in microRNA profiles might provide earlier warning of neoplastic changes preceding HCC.
Introduction
Hepatocellular carcinoma (HCC) accounts for 90% of primary liver cancers and is the fifth most common cancer worldwide, as well as the third most common cause of cancer-related death [1, 2] . Progression of chronic hepatitis to cirrhosis or HCC may occur slowly over several decades, but by the time the cancer is detected, prospects for successful treatment are often poor. Viral hepatitis is responsible for most cases of HCC, with a worldwide incidence of about 54% for hepatitis B virus (HBV) infection and 31% for hepatitis C virus (HCV) [3] . Direct acting antiviral (DAA) therapy, with agents such as sofosbuvir and ledipasvir, is expected to substantially reduce mortality and morbidity among the 185 million people throughout the world chronically infected with HCV, although, the long-term risk of HCC remains high in cirrhotic patients even after achieving sustained virological response (SVR) [4] . No comparable success has been achieved for the 360 million people with chronic HBV infection. Although an effective vaccine has been available since 1986 and most adult infections are successfully resolved during the acute phase, chronic HBV infection remains a serious public health threat requiring long term antiviral therapy with a low probability of complete clearance of the virus due to the long-term stability of viral covalently closed circular DNA (cccDNA) in the nucleus. In these patients, gradual changes and deterioration in liver function must be monitored over long periods. While serum levels of liver enzymes, such as alanine transaminase (ALT), aspartate transaminase (AST), and α-fetoprotein (AFP), provide insight into liver function, enzyme levels convey limited information, and HCC is often not detected until an advanced stage. Therefore, more sensitive biomarkers may help to achieve earlier detection in patients with chronic hepatitis, and serum microRNAs represent a promising approach to monitoring liver function.
MicroRNAs
MicroRNAs are short, non-coding RNAs consisting of 18-25 nucleotides that are partially complementary to regulatory regions in the 3 1 or, less commonly, in the 5 1 untranslated region (UTR) of target messenger RNAs. MicroRNA binding suppresses translation of target mRNAs or promotes mRNA degradation, providing a rapid and sensitive mechanism to fine tune gene expression. MicroRNAs serve as guides to position the RNA-induced silencing complex (RISC), a molecular scaffold that facilitates interaction of a microRNA with its target sequence and mediates the inhibitory effect on gene expression [5] . MicroRNAs form complex post-transcriptional regulatory networks that regulate numerous cellular processes [6] . Although not discovered until 1993, microRNAs are now known to affect the expression of at least 30% of human genes, making them the most abundant regulators of gene expression [7] . Around 60% of messenger RNAs (mRNAs) contain a predicted binding site in the 3 1 UTR, and many mRNAs contain multiple potential binding sites. However, relatively few of the computationally-predicted microRNA-mRNA interactions have been experimentally validated. 2588 mature human microRNAs and 1881 precursors are currently registered in the miRBase database (Release 21; June 2014). A single microRNA is likely to regulate multiple genes, and conversely a single gene might be regulated by multiple microRNAs. MicroRNA expression may also be tissue-or organ-specific. Since even a small change in microRNA expression may affect expression of hundreds of target genes and significantly alter the transcriptome [8] , disruption of microRNA regulatory networks has been implicated in a number of diseases [9] [10] [11] . MicroRNA involvement in cancer was first reported in 2002 for its role in leukemia [12] . While the predictive utility might vary among individual microRNAs, expression profiles involving multiple microRNAs are expected to play a useful role in tumor classification, diagnosis, and prognosis.
Production of MicroRNAs
MicroRNA genes, often located in the introns of protein-coding genes, are transcribed by RNA polymerase II into long, capped, polyadenylated pri-microRNAs and subsequently processed by Drosha into pre-microRNAs [13] (Figure 1 ). Pre-microRNA hairpins are exported from the nucleus by exportin-5 and processed into double-stranded mature microRNAs by Dicer. When the microRNA has been incorporated into the RISC complex, the unused complementary strand is degraded. The microRNA serves as a guide to orient the RISC complex in position at regulatory sequences in target genes. While argonaute 2 (AGO2) can directly cleave messenger RNA, particularly in the case of perfect complementarity, argonaute proteins normally facilitate translational inhibition by reducing RNA stability through uncapping and de-adenylation. MicroRNA synthesis and function. MicroRNA genes are transcribed by RNA polymerase II to produce primary microRNAs (pri-microRNAs) and cleaved by Drosha/DGCR8 into pre-microRNAs. Pre-microRNAs are exported from the nucleus by exportin-5 and Ran-GTP, and then the hairpin is cleaved by Dicer/TRBP in the cytoplasm. The microRNA duplex is unwound and one strand is complexed with argonuate 2 (AGO2) to form the RNA-induced silencing complex (RISC), and the unused passenger strand (miRNA*) is degraded. The microRNA guides the RISC to a partially complementary target region in the 3 1 untranslated regions of one or more genes, resulting in translational repression or target cleavage. Distinct proteins or protein complexes are depicted as colored ovals. Red and blue lines indicate RNA.
Serum MicroRNAs
Enzymes such as ALT and γ-glutamyl transpeptidase (GGT) are considered liver-specific (although ALT may be elevated with kidney or muscle damage), but other enzymes commonly used in liver function tests such as AST and alkaline phosphatase are also expressed in muscle and bone, respectively, limiting their specificity and requiring more complex interpretation. Conversely, many microRNAs are expressed in a tissue-or organ-specific manner, suggesting that microRNA biomarkers are more likely to have high specificity. The presence of microRNAs in serum and their potential use as biomarkers was first reported by Lawrie et al. [14] in 2008 with regard to their role in diffuse large B-cell lymphoma, and the idea has since been pursued in a number of studies. Analysis of differential microRNA expression in liver tissues has identified microRNAs associated with different stages of liver disease, as well as specific microRNA subsets associated with HCV versus HBV infection [15] [16] [17] [18] [19] . However, direct measurement of tissue microRNAs is intrusive and inconvenient as a biomarker. On the other hand, measurement of serum microRNAs is much less intrusive, and microRNA levels in the liver have been found to be correlated with serum levels for a number of microRNAs [20, 21] . MicroRNAs from the liver may enter the serum passively through apoptosis and necrosis or actively through secretion of exosomes and viral particles [22] . Therefore, microRNA levels in the serum might provide a way to estimate microRNA activity in the liver. Comparison of serum microRNA levels before and after tumor resection suggests that circulating microRNAs such as miR-15b, miR-21, miR-130b, and miR-183 originate in tumor cells [23] . Fortunately, microRNA is detectable and relatively stable in serum, plasma, urine, saliva, and cerebrospinal fluid [24] , and frozen samples can be stored without substantial degradation. Free RNA is quickly degraded by RNases and, typically, has a short half-life. Conversely, mature microRNAs are much more stable and are normally complexed with AGO2 or other argonaute proteins [5] . Circulating microRNAs may exist as vesicle-free ribonucleoprotein complexes or may be transported within HBV surface antigen (HBsAg) particles or contained within exosomes/microvesicles [5, 22, 25] , although serum microRNAs are typically found in exosomes [26] .
Exosomes
Exosomes are ubiquitous cell-derived vesicles ranging from 30 to 100 nm that have been shown to affect gene expression in recipient cells. Exosomes contain characteristic RNA transcripts, including microRNAs, transfer RNAs, and other types of non-coding RNAs [27] , which may vary by cell type but do not necessarily mirror the RNA profile of the parent cell due to selective sorting and response to cellular conditions [27] . miR-99a, miR-128, miR-124, miR-22, and miR-99b account for 49% of identified exosome-associated microRNAs [27] . Hepatocyte-derived exosomes are enriched for gene products involved in lipoprotein metabolism and xenobiotic processing and might, therefore, prove useful as a diagnostic tool by reflecting hepatic changes linked to disease [28] . Although interferon normally acts on cells directly by binding to receptors and triggering expression of numerous interferon-stimulated genes sharing a common response element, viruses, such as HBV and HCV, frequently interfere with interferon signaling and suppress intracellular innate immune responses. An alternative antiviral mechanism was recently described in which interferon stimulates release of exosomes that contain antiviral products, which are then internalized by HBV-infected hepatocytes, bypassing viral interference [29] . The role of exosomes in disease pathogenesis and cancer metastasis has yet to be fully elucidated.
Measurement of Serum MicroRNAs
To serve as a reliable biomarker, standardized methods for serum microRNA measurement are needed. Many methods exist for isolating RNA from serum but accurate measurement of serum microRNAs is challenging due to the low quantity, short length, and high sequence variability of microRNAs. Initially, RNA is extracted, and the small RNA fraction is enriched. Bulk measurement of microRNA expression can be performed using microarray analysis or next generation RNA sequencing, but validation and absolute quantification of individual microRNAs is typically performed using quantitative real-time polymerase chain reaction [30] . However, microRNA analysis requires additional quality control and normalization steps that remain unstandardized [31] . Selection of an appropriate internal control is difficult due to high variability of small RNAs such as RNU4, RNU6b, and RNU48 among healthy controls [32] or confounding with disease state, such as down-regulation of RNU6b during fibrosis [33] . Similarly microRNAs such miR-15b and miR-16 are sensitive to hemolysis [34] . While the choice of internal control may depend on the nature of the study, miR-24, miR-126, and miR-484 have been suggested for use in normalization [32] . Differentiating among variable-length isomiRs and closely-related microRNAs in the same family as well as between mature microRNAs and pre-/pri-microRNAs poses an additional challenge. In some cases, the status of a non-coding RNA as a microRNA has been called into question. While miR-720 has recently been reported to target the oncogene twist family BHLH transcription factor 1 (TWIST1) involved in tumor metastasis in breast cancer [35] , the microRNA entry for miR-720 was removed from miRBase after Schopman et al. [36] proposed that the microRNA was actually a mis-annotated tRNA fragment. Examination of miRBase using next generation sequencing data has revealed numerous other such potential conflicts, frequently involving mis-annotation of small nucleolar RNAs (snoRNAs) [37] . Although these RNAs are not microRNAs, recent studies have shown that tRNA fragments and other small non-coding RNA species may serve secondary regulatory or signaling functions and that their presence in serum may vary depending on physiological state [38, 39] . Selitsky et al. [40] showed that tRNA fragments are more abundant than microRNAs in liver tissue and were significantly elevated in patients with chronic HBV or HCV compared to healthy subjects, suggesting a potential role for other types of non-coding RNA for use as biomarkers. While these will likely remain open issues until the non-coding RNA transcriptome is more fully characterized, the methodology for serum microRNA measurement should standardize once effective microRNA panels have been validated and interest in their use in clinical practice increases in the same way that protocols for performing and reporting genome-wide association studies (GWAS) have become more standardized.
Baseline MicroRNA Expression in the Liver
Baseline microRNA levels in hepatocytes and liver tissue have been established using deep sequencing methods [41] [42] [43] . While miR-122 accounts for 70% of the total microRNA in the liver [44] , a set of 9 microRNAs including miR-192, miR-199a/b, miR-101, miR-99a, and let-7a/b/c/f accounts for 88% of total microRNA [42] . Genome-wide expression profiling identified a total of 277 microRNAs expressed in the liver, 166 of which were expressed in all samples, including miR-16, miR-27b, miR-30d, miR-126, and several members of the let-7 family [43] . Baseline miR-122 expression is also strongly affected by single nucleotide polymorphisms (SNPs) (rs2999200 and rs6551952), and other SNPs have been shown to affect expression of miR-938, miR-200c, and miR-10b [43] . Some microRNAs show age-dependent differences in expression. 114 microRNAs were up-regulated and 72 were down-regulated in fetal versus pediatric liver tissues, whereas only two microRNAs were up-regulated and three were down-regulated in pediatric versus adult tissue. Sex-specific differences in microRNA expression have also been observed [45] . miR-29a and miR-29b are induced by estrogen and up-regulated in females [46] . These microRNAs suppress collagen deposition in the extracellular matrix, potentially providing better protection against fibrosis in females. Consideration of factors affecting baseline microRNA expression in the liver may be important in the interpretation of microRNA biomarkers. Validation studies should consider stratifying by age and/or sex and might consider genotyping SNPs of large effect.
The Role of MicroRNAs in Liver Injury and Disease
MicroRNAs are involved in regulation of numerous metabolic pathways, and changes in serum microRNA profiles might reflect underlying liver injury or inflammation.
Autoimmune Liver Diseases
Autoimmune hepatitis (AIH) and primary biliary cholangitis (PBC) are chronic autoimmune diseases characterized by immune-directed damage to hepatocytes and cholangiocytes, respectively. Diagnosis of autoimmune liver diseases requires differential diagnosis involving clinical and histological findings and exclusion of other factors. A recent study by Migita et al. [47] found elevated serum levels of miR-21 miR-122 in patients with AIH compared to heathy controls or patients with HCV, but levels of these microRNAs decreased in patients with cirrhosis. Tan et al. [48] showed that a panel including miR-122-5p, miR-141-3p, and miR-26b-5p was diagnostic for PBC with higher sensitivity and specificity than traditional biomarkers, such as alkaline phosphatase (ALP) and antinuclear antibody (ANA). Ideally, microRNA panels such as these will lead to earlier and more accurate diagnosis in patients with autoimmune diseases.
Drug-Induced Liver Injury
Drug-induced liver injury (DILI) results from drug overdose or the hepatotoxic effects of a drug metabolite. Early diagnosis of DILI is important, especially in the case of idiopathic DILI where the underlying cause is difficult to determine, but standard serum biomarkers such as ALT, AST, bilirubin, and alkaline phosphatase have poor sensitivity and specificity, and more accurate biomarkers are needed [49] . In mouse models of acetaminophen-induced liver injury, miR-122 was found to be up-regulated in liver tissue, and miR-122, miR-192, miR-155, miR-125b, and miR-146a were up-regulated in serum or plasma [16, 50, 51] . However, Wang et al. [51] reported an inverse correlation between microRNAs levels in the liver versus the plasma, in which elevated plasma levels corresponded with lower levels in liver tissue, and vice versa. Fukushima et al. [52] reported that miR-298 and miR-370 were down-regulated in rats within six hours after exposure to acetaminophen or carbon tetrachloride and showed that altered microRNA expression levels were associated with mitochondrial damage. While the number of human microRNA studies of DILI is limited, Starkey Lewis et al. [53] found that patients who experienced acetaminophen-related DILI had higher plasma levels of miR-122 and miR-192, and Ding et al. [54] found that serum miR-122 levels were up-regulated in subjects exposed to paraquat, a toxic herbicide.
Inflammatory Liver Damage
In contrast, a different pattern was observed for inflammatory liver damage resulting from alcoholic liver disease (ALD) and Toll-like receptor (TLR) activation [50] . miR-122 and miR-155 were up-regulated in serum of alcohol-fed mice, and miR-122, miR-155, and miR-146a were up-regulated following inflammation induced by TLR4/TLR9 ligand administration. Bala et al. [50] reported that circulating microRNAs in the exosome-rich fraction versus the protein-rich fraction could discriminate between liver injury and inflammation.
Alcoholic Liver Disease
Aside from the liver, alcohol abuse damages multiple organs, including the pancreas, intestinal epithelium, heart, brain, and muscle tissue, but microRNA dysregulation is thought to play a key role in alcoholic liver disease. Mouse models of ALD have shown increased tissue expression of miR-320, miR-486, miR-705, and miR-1224, and decreased expression of miR-27b, miR-214, miR-199a-3p, miR-182, miR-183, miR-200a, and miR-322 [55] . Rat models have shown elevated serum levels of miR-122 and miR-155 in exosomes following alcohol consumption [50] . Due to the systemic effects of alcohol, however, circulating microRNA biomarkers might not originate exclusively from the liver [31] . Chen et al. [56] found up-or down-regulation of 32 serum microRNAs in rats, but expression levels between the liver and serum were correlated only for miR-185, miR-199a-3p, miR-214, and miR-490.
Non-Alcoholic Fatty Liver Disease
Excess fat accumulation in the liver also induces inflammation and can result in non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH). NAFLD is becoming increasingly common, affecting up to 40% of the population, but because proper diagnosis requires a biopsy, incidence is likely to be under-reported and, therefore, less invasive biomarkers are needed for earlier detection [57, 58] . In mouse models of obesity, miR-122, miR-34a, miR-31, miR-103, miR-107, miR-194, miR-334-5p, miR-221, and miR-200a were up-regulated, and miR-29c, miR-451, and miR-21 were down-regulated in ob/ob mice [59, 60] . miR-146, miR-152, and miR-200 were up-regulated in rats fed a high-fat diet [61] . In human studies, miR-21 was found to be up-regulated in patients with steatohepatitis [62] , and 23 microRNAs, including miR-122, were up-regulated and 23 were down-regulated in patients with NASH, with predicted effects on apoptosis, inflammation, oxidative stress, and lipid metabolism [62] . In serum, levels of miR-122, miR-34a, and miR-16 were up-regulated in patients with NAFLD compared to healthy controls [63] . Using global microRNA profiling, Pirola et al. [64] analyzed 84 serum microRNAs and developed a profile based on up-regulation of miR-122, miR-192, miR-19a, miR-19b, miR-125b, and miR-375. A similar study by Tan et al. [48] using Illumina sequencing identified a diagnostic panel of microRNAs associated with NAFLD that included miR-122-5p, miR-1290, miR-27b-3p, and miR-192-5p.
Fibrosis
Liver fibrosis is a consequence of repeated cycles of liver damage and repair, resulting in excessive deposition of extracellular matrix proteins [65, 66] . While various factors, such as inflammation, oxidative stress, and apoptosis can activate hepatic stellate cells, fibrosis underlies most types of chronic liver disease and is a precursor to cirrhosis and HCC [67] . Within the liver, several microRNAs including miR-21, miR-221/222, and miR-181b promote liver fibrosis through the TGF-β or NF-κB pathways, whereas miR-29b, miR-101, miR-122, and miR-214-3p prevent fibrosis by inhibiting collagen synthesis or suppressing activation of the TGF-β pathway [67] . Serum miR-34a was found to be up-regulated in patients with fibrosis in a stage-dependent manner [63] , and miR-571 and miR-513-3p were elevated in patients with cirrhosis [46] . miR-29a was down-regulated in patients with fibrosis in an inversely stage-dependent manner [68] . Due to the central role of fibrosis in liver disease, better understanding of microRNA regulation of inflammation and hepatic stellate cell activation might lead to new therapeutic approaches. Along these lines, anti-fibrotic microRNA therapy involving activation of miR-29 or miR-101 or inhibition of miR-21 has been considered [65] .
The Role of MicroRNAs in Viral Hepatitis
MicroRNAs play important roles in HBV and HCV infection both through regulation of host genes as well as by direct targeting of viral transcripts. Both viruses also disrupt gene expression in the host cell, including microRNA regulatory networks, in order to establish a more permissive environment for viral replication [69] . Several microRNAs might also serve a therapeutic role.
Hepatitis B Virus
Zhang et al. [70] used antisense screening in HepG2 to identify host microRNAs involved in HBV replication and found that miR-199a-3p suppressed HBV replication by directly binding to the S protein coding region, whereas miR-210 inhibited replication by binding to the pre-S1 region. Potenza et al. [71] similarly found that miR-125a-5p inhibits translation of the S transcript. Additional microRNAs, including let-7, miR-196b, miR-433, miR-511, miR-205, and miR-345 were predicted to recognize targets in the HBV genome [72] . MiR-1231 has high homology with the core and X regions of the HBV genome and is predicted to hybridize with this region [73] . Overexpression of miR-1231 significantly suppressed HBV replication but did not affect expression of interferon-stimulated genes [73] . The highly-expressed liver microRNA miR-122 was found to directly target the viral genome in the region of the HBV polymerase overlapping the 3 1 UTR of the core protein [74] . This key microRNA strongly suppresses HBV replication both through direct binding to HBV RNA, as well as indirectly through cyclin G1-modulated p53 activity [74] [75] [76] [77] [78] . Other microRNAs that affect HBV replication indirectly through regulation of host proteins include miR-99a, which acts as a tumor suppressor that targets insulin-like growth factor 1 receptor (IGF-1R) and induces cell cycle arrest [27, 79] . MiR-99a also suppresses activity of nuclear factor κB (NF-κB), a transcription factor associated with inflammation and tumorigenesis [80] . miR-22 acts as a tumor suppressor [27] and induces cellular senescence by regulating cyclin-dependent kinase inhibitor 1A (CDKN1A), cyclin-dependent kinase 6 (CDK6), sirtuin 1 (SIRT1), and specificity protein 1 (Sp1) [81, 82] . miR-22 has been shown to be down-regulated in HBV-related HCC [82] . MiR-141 down-regulates peroxisome proliferator-activated receptor α (PPARα), a liver-enriched nuclear receptor required for efficient transcription of the HBV genome [83] . Conversely, other microRNAs promote HBV replication. miR-1 increases expression of farnesoid X receptor α (FXRα), another nuclear receptor involved in HBV transcription [84] . miR-501 down-regulates hepatitis B virus X interacting protein (HBXIP), which acts as an HBV inhibitor [85] . While several viruses encode their own microRNAs, no virally-encoded microRNAs have yet been confirmed for RNA although, interestingly, Jin et al. [86] identified a potential pre-microRNA sequence present in the HBV genome for which the only predicted target was the HBV genome itself.
A number of studies have shown characteristic serum microRNA profiles in patients with chronic HBV infection compared to healthy control subjects. Using Solexa screening followed by validation with quantitative reverse transcription PCR, Li et al. [87] identified a set of 13 microRNAs that were up-regulated at least 3-fold in serum of patients with HBV infection, including miR-375, miR-92a, miR-10a, miR-223, miR-423, miR-23b/a, miR-342-3p, miR-99a, miR-122a, miR-125b, miR-150, and let-7c. This set was also able to discriminate between HBV and HCV cases and HBV and HBV-HCC cases. Serum miR-122 levels have been shown to correlate with ALT levels as well as serum levels of miR-22, HBV DNA, and HBsAg [50, 88] . Other studies have reported up-regulation of miR-99a and miR-125b in HBV-infected patients [20, 89, 90] , and serum microRNA levels have been shown to be up-regulated in HBeAg-positive patients compared HBeAg-negative patients [89] .
The relationship between microRNAs and HBV is complex. HBV down-regulates expression of Drosha, part of the microprocessor complex responsible for converting pri-microRNA into pre-microRNA hairpins during the first stage of microRNA processing. Down-regulation of Drosha might, therefore, have a globally suppressive effect on microRNA expression levels [91] . Novellino et al. [22] demonstrated through immunoprecipitation that microRNAs are contained within HBsAg subviral particles, which are produced in excess in infected hepatocytes. As several microRNAs are known to target HBV, knockdown of AGO2 might be expected to relieve inhibition of HBV replication. Instead, however, HBV DNA and HBs antigen levels decreased following siRNA-mediated AGO2 knockdown [20] . HBcAg and AGO2 were found to physically interact and co-localize in the endoplasmic reticulum, and HBs and AGO2 were found to co-localize in several subcellular compartments. These results suggest that AGO2 might play a role in the HBV life cycle.
Hepatitis C Virus
HCV infection disrupts microRNA regulation of multiple pathways, including immune response, antigen presentation, cell cycle, proteasome, and lipid metabolism [19] . At least nine gene targets (peroxisome proliferator-activated receptor γ (PPARG), signal transducer and activator of transcription 3 (STAT3), interferon regulatory factor 1 (IRF1), insulin-like growth factor 1 receptor (IGF1R), fibronectin 1 (FN1), stearoyl-CoA desaturase (SCD), and cAMP responsive element binding protein 1 (CREB1)), regulated by at least 11 microRNAs (miR-130a/b, miR-200, miR34a, miR-23b, miR-24, miR-146a, miR-381, miR-25*, miR-200a, and miR-371-5p) were altered as a result of HCV infection [92] . Similarly, Peng et al. [69] used a graph theoretical approach to identify 38 microRNA-mRNA regulatory modules associated with HCV infection. The host immune response employs microRNAs both to control expression of target genes as well as to directly target the HCV genome [8, 69, 93] . HCV replication is highly dependent on miR-122, which binds to and helps to stabilize the 5 1 UTR (S1 and S2) and the 3 1 UTR (S3) of the HCV RNA genome [94, 95] . Sequestration of this microRNA dramatically reduces HCV RNA abundance [94, 95] . Miravirsen, a 15 nucleotide locked nucleic acid (LNA) that binds to miR-122 and inhibits its function is undergoing clinical trials as an anti-HCV therapy [96] . MiR-141, miR-192, miR-215, and miR-491 also promote HCV replication. miR-141 promotes HCV replication by down-regulating tumor suppressor deleted in liver cancer 1 (DLC-1) [96] , and miR-491 facilitates HCV entry through the PI3 kinase/Akt pathway [97] . While these microRNAs are required or exploited by HCV for replication, other microRNAs including miR-199a, miR-196, miR-29, let-7b, miR-130a, and miR-27a show antiviral activity against HCV [98] [99] [100] [101] [102] [103] . Murakami et al. [98] demonstrated that miR-199a* inhibits viral replication by binding to a complementary target sequence within domain II of the internal ribosomal entry site (IRES). While interferon is normally associated with up-regulation of interferon-stimulated genes, Pederson et al. [93] showed that interferon-β induces expression of several microRNAs with antiviral activity against HCV, including miR-196, miR296, miR-351, miR-431, and miR-448, of which miR-196 and miR-448 may directly target HCV RNA.
Hepatocellular Carcinoma
In addition to being the most common form of primary liver cancer, HCC is the fifth most common cancer worldwide and the third most common cause of cancer-related death, responsible for 500,000 deaths per year [1] . Incidence is highest in East Asia and other regions where hepatitis B virus is endemic. Multiple risk factors have been implicated, including chronic HBV or HCV infection, gender, age, alcohol, and aflatoxin B exposure. Given these diverse etiologies, HCC is, accordingly, a complex disease characterized by stepwise accumulation of genetic and epigenetic changes, including mutations, translocations, amplifications or deletions, chromatin remodeling, changes in DNA methylation, and dysregulation of non-coding RNAs [104] [105] [106] .
The five year survival rate is less than 10%, due in part to resistance to chemotherapy and a high recurrence rate. Resection offers the best chance of curative therapy for HCC, but only 10% of patients are eligible at the time of detection. However, the survival rate following resection approaches 70% when the tumor is single and smaller than 2 cm. Therefore, earlier diagnosis is essential in order to improve prognosis. AFP (>400 ng/mL) is the most commonly used biomarker for HCC, but has only modest sensitivity and accuracy and fails to detect HCC in half of patients. Another marker, des-γ-carboxy prothrombin (DCP), also known as prothrombin induced by vitamin K absence-II (PIVKA-II), is an abnormal, nonfunctional form of prothrombin that does not undergo N-terminal carboxylation prior to secretion [107] . The carboxylase responsible is frequently lacking in HCC cells. In combination with AFP and AFP-L3, these biomarkers are predictive of progression of HCC in patients with chronic HBV or HCV, particularly with respect to portal vein invasion or intrahepatic metastasis [107, 108] . However, DCP elevation may be due to other causes, and normal DCP does not preclude HCC. Therefore, additional biomarkers are needed, especially those associated with early changes to improve prognosis.
MicroRNA dysregulation is involved in all stages of hepatocarcinogenesis, and microRNA profiles have the potential to discriminate patients with HCC from healthy subjects as well as those with other liver diseases [27, 109] . MicroRNA profiles differ between benign and malignant tissue and may vary by malignant subtype [7] . Detectable in liver tumor tissue, serum, plasma, and urine, microRNAs might also provide a minimally invasive way to monitor response to therapy and establish prognosis. A number of studies have reported microRNAs associated with HCC. miR-17-92, miR-21, miR-221, miR-222, miR-224 are frequently up-regulated in HCC tumors [109, 110] , whereas let-7, miR-200, miR-29, miR-122, miR-123, miR-199a, miR-199b, are often down-regulated [7, 109, 111] . While miR-122 is down-regulated in primary HCC tumors, serum miR-122 is up-regulated in patients with HCC [112] , possibly due to miR-122 release from tumors into circulation. miR-199 is highly expressed in normal liver tissue but is consistently down-regulated in HCC [42] . Since miR-199a/b-3p suppresses HCC in part by inhibiting the p21-activated kinase 4 (PAK4)/Raf/MEK/ERL pathway, down-regulation of miR-199a/b is associated with poor survival. Similarly, miR-99a down-regulation is associated with poor prognosis [79] . Conversely, miR-224 has been reported to be up-regulated in HCC [113] and was recently shown to reflect tumor stage and liver function, with elevated levels associated with reduced survival [114] .
Etiology-related differences in microRNA expression may complicate efforts to develop effective biomarker panels due to geographic differences in the underlying causes of HCC. In a recent study, microRNA expression profiling of liver tissue was used to identify dysregulated HBV-or HCV-HCC-associated microRNAs [115] . Of the 40 differentially expressed microRNAs, 10 were strongly dysregulated. Of these, six were validated in tissue samples, but only miR-126 and miR-142-3p were elevated in plasma in HBV patients with HCC compared to patients without HCC. Neither performed better than AFP alone, but the combination of either microRNA with AFP improved the AUC to 0.92. No difference in miR-126 levels in patients with HCV-related HCC or non-viral HCC was detected, suggesting that differences in the underlying etiology of HCC may affect the predictive power of microRNA biomarkers. While HBV is the most common cause of HCC in Asia and other HBV-endemic regions, HCV-related HCC is more common in Japan, and the world-wide incidence of HBV is gradually declining due to vaccination, whereas incidence of non-viral, non-alcoholic HCC due to non-alcoholic steatohepatitis and other causes is increasing [74] . Therefore, biomarkers developed and validated in one region should be validated in regions in with different underlying etiologies.
The predictive effects of various microRNAs in combination have been evaluated in a number of studies, although so far there has been little overlap among panels, partly due to differences in the source and measurement of microRNAs, making comparison difficult. The combination of miR-126 and miR-141 measured in tumor samples was reported to be discriminative between HCC and metastatic adenocarcinoma of the liver, making them potentially useful diagnostic markers for tissue samples [116] . Using serum samples, Li et al. [87] reported that the combination of miR-25, mR-375, and let-7f could discriminate HBV-associated HCC samples from healthy controls, whereas the combination of miR-16, miR-195, and miR-199a could discriminate HBV-associated HCC from chronic HBV infection. In a retrospective study, Liu et al. [23] reported that miR-15b, miR-21, miR-130b, and miR-183 were up-regulated in HCC tumor tissue relative to adjacent non-tumor tissue. Levels of these microRNAs were detectable in serum and cell culture supernatant, and serum levels declined significantly following surgical resection. In a validation study, they found that the combination of miR-15b and miR-130b was strongly predictive of HCC (AUC 0.98) and could detect HCC earlier than AFP [23] . The combination of miR-15b and miR-130 could also discriminate HCC from healthy samples with high sensitivity and specificity. Similarly, Lin et al. [117] identified a set of 19 microRNAs that were up-regulated in serum of patients with HBV-related HCC compared to patients with chronic HBV. Using a training cohort and two independent validation cohorts, they developed and validated a seven-microRNA panel including miR-29a, miR-29c, miR-133a, miR-143, miR-145, miR-192, and miR-505. This panel was more sensitive than AFP and could detect small AFP-negative HCC samples, providing hope for earlier detection of HCC. While microRNAs have great potential as a biomarker for HCC, there is no consensus yet on optimal microRNA panels or detection methods [7] . A potential limitation of studies to date involves the initial screening of candidate microRNAs using microRNA microarrays, which typically contain only a limited set of probes that may not include recently-identified microRNAs nor adequately prevent cross-hybridization with unrepresented microRNAs [57] . The increasing use of global transcriptome sequencing should offer a more unbiased approach to identification of candidate RNAs.
In addition to their potential roles in diagnosis and classification, microRNAs might also provide a way to monitor response to therapy as well as serve as drug targets. For example, low tumor miR-26 levels is associated with better response to interferon therapy, but is also associated with poorer survival [118] , and miR-29a-5p is associated with early post-resection recurrence of HCC in patients with HBV [119] . MicroRNAs themselves might also serve as therapeutic agents. In an interesting study, Kourtidis et al. [120] note that microRNAs such as miR-30b normally suppress cell growth when cells come into contact but lose control when adhesion is disrupted in cancer. They showed that, while adhesion proteins normally interact with components of the microprocessor complex in the cytoplasm, this structure was lost in most of the tumors they examined. However, restoration of miR-30b levels reversed the abnormal cell growth. While targeted delivery and expression of therapeutic microRNAs will likely present a challenge, greater understanding of the roles of microRNAs and other non-coding RNAs may lead to more effective and better tolerated treatments for HCC and other cancers.
Mechanisms of MicroRNA Dysregulation
MicroRNAs are often located at fragile sites and breakpoint regions associated with cancer development [121] . Changes in microRNA expression in HCC partially reflects underlying genomic instability affecting microRNA gene expression through mutations, translocations, copy number changes, deletions, DNA methylation, and histone modifications [11, [122] [123] [124] . For example, histone deacetylases, which regulate gene expression through chromatin remodeling, are frequently up-regulated in HCC which, in turn, reduces expression of miR-449, a c-Met inhibitor [124] . Increased c-Met expression prevents apoptosis and promotes cell proliferation. He et al. [125] reported that miR-191 expression is 59% higher in HCC tumor versus adjacent non-tumor tissue and is associated with poor prognosis. Using methylation-specific PCR and bisulfite sequencing PCR, they showed that hypomethylation was correlated with elevated miR-191 expression levels, which induced a mesenchyme-like transition characterized by loss of adhesion, change from epithelial to mesenchymal cell markers, and increased invasiveness, whereas down-regulation of miR-191 had the opposite effect. Understanding the mechanism behind microRNA dysregulation is not necessary to develop biomarkers, but elucidating the cellular and metabolic changes underlying disruption of microRNA expression patterns might provide greater insight into pathogenesis and reveal potential therapeutic targets.
Conclusions
Development of microRNA panels, either alone or in combination with classical biomarkers, might eventually be used to classify samples with respect to liver function and progression to HCC, helping to inform treatment decisions and establish prognosis. However, several obstacles remain, including standardization of quantification protocols and validation of microRNA panels. Differences in microRNA expression should be examined with respect to age, sex, genetic background, and underlying etiology, and potential mis-annotation or cross-hybridization of potential microRNA biomarkers should be confirmed. Use of global RNA sequencing to identify candidate microRNAs and selection of appropriate internal controls should improve reproducibility of results among studies and overcome limitations inherent in earlier microarray studies. Monitoring of changes in microRNA profiles might provide earlier warning of changes in liver function preceding appearance of HCC, resulting in more effective treatment and improved survival. Such improvements are urgently needed, especially among the aging chronic HBV patient population.
